Tetrahydrobiopterin (BH4) is one of the cofactors for nitric oxide synthase (NOS), and also has a protective effect against reactive oxygen species (ROS)-and/or nitric oxide (NO)-induced cytotoxicities. Lipopolysaccharide (LPS) induces NO production and BH4 synthesis, and also ROS release. This study examined whether hydrogen peroxide, one of the ROS, has a regulatory role in BH4 synthesis in vascular endothelial cells. Addition of LPS to the endothelial cells increased the BH4 content. Although the LPS-induced increase in BII4 content was not affected by the treatment with superoxide dismutase and catalase, co-treatment with hydrogen peroxide further stimulated the LPS-induced increase in BH4 content. Moreover, the hydrogen peroxide-induced increase in BH4 content in the presence of LPS was completely inhibited by the treatment with 2,4-diamino-6-hydroxypyrimidine, an inhibitor of GTP-cyclohydrolase I (GTPCH). These findings suggest that hydrogen peroxide may stimulate LPS-induced BH4 synthesis through the induction and/or activation of GTPCH. Under inflammation, hydrogen peroxide seems to stimulate BH4 synthesis.
Introduction
Nitric oxide (NO), a potent vasodilator, is synthesized by the conversion of L-arginine to L-citrulline by NO synthase. There are three isoforms of NO synthase, i.e. two constitutive NO synthases, neuronal NO synthase and endothelial NO synthase, and inducible NO synthase (iNOS). iNOS has been shown to be induced by lipopolysaccharide (LPS) and/or cytokines in various types of cells, including vascular endothelial cells, vascular smooth muscle cells and macrophages (1) (2) (3) (4) (5) . Although the produced NO from iNOS is important in defense against infection, the large amount of NO within the vascular wall appears to be responsible for the pathogenesis of vascular failure (6, 7) . Reactive oxygen species (ROS) are also implicated in the systemic inflammatory response (8, 9) .
Tetrahydrobiopterin (BH4) is an essential cofactor for NO synthase (10) (11) (12) (13) . The biosynthesis of BH4 can occur via a de novo pathway from GTP, in which the enzyme GTP cyclohydrolase I (GTPCH) catalyzes the rate-limiting step, or via a salvage pathway that utilizes sepiapterin during an intermediate step (14, 15) . Cytokines and/or LPS have been shown to induce BH4 synthesis along with the induction of iNOS (16, 17) . The induction of BH4 synthesis is required for NO production from iNOS. As another function, BH4 has a protective effect against NO and/or ROS toxicities. We and other investigators have reported that NO-and/or ROS-induced cell injury was strongly reduced by the treatment with BH4 or sepiapterin, a precursor of BH4 synthesis (18-23). Therefore, determination of the regulation of BH4 synthesis is important to understand the mechanisms of systemic inflammation. We recently showed that BH4 synthesis during LPS treatment in vascular endothelial cells was not regulated by NO (24) . Under inflammatory diseases, macrophages and neutrophils are activated by the cytokines and/or LPS, and release large amounts of ROS. However, whether ROS modulates BH4 synthesis during LPS treatment has not been clarified. In the present study, we examined the effect of hydrogen peroxide, one of the ROS, Cell culture Mouse brain microvascular endothelial cells (second passage) were purchased from Toyobo Co. (Tokyo, Japan). The cells were cultured in Dulbecco'* modified Lagle's medium (DMFM) containing 10% fetal bovine serum (FBS), 100 ll/ml. penicillin and 100 tig-'ml. streptomycin. The cells were finally grown in 6-well plates to measure the biopterin content, and used throughout the experiments at 8 to 12 passages after they were purchased.
Materials and Methods

Materials
Measurement 0/bioj.iterin level BID was measured by reverse-phase high-performance liquid chromatography (IIPLC) with fluorometric detection of biopterin (20) . Confluent endothelial cells in 6-well plates were washed three times with physiological saline solution (PSS, pll 7.4) containing 1 18.5 ntM NaCl. 4.74 111M KCl, 2.5 inM CaCL, 1.18 mM MgS04, 1.18 mM KII2PO4, 2.5 mM NallCOj. 11 mM glucose and 10 mM N-2-hydroxyethylpiperazine-N'-2-elhanesul fonie acid, and treated with LPS and/or hydrogen peroxide at 37°C in 2 nil. of PSS. The cells were then treated with 10% trichloroacetic acid on ice for 30 min. The obtained supernatant was oxidized with MnO:, and injected into 11 PLC.
Slaiislical
Analysis Values are presented as means i SEM of η observations. Differences between groups were assessed using analysis of variance followed by Bonlerroni's method. Differences among means were considered significant at P<0.05.
Uesulls lif/ect of reactive oxygen species scavenging enzyme on f,PS-induced increase in BH4 contenI
To examine whether ROS released during I PS treatment in the endothelial cells have a regulatory role in BII4 synthesis, the effects of superoxide dismutase (SOD) and eatalase on I .PS-induced BHt synthesis were investigated. As shown in " Fig. 1 . both SOD and eatalase did not significantly affect to the I.PS-induced increase in BII4 content.
Induction ofBIU synthesis hy hydrogen peroxide Under inflammatory diseases, macrophages arid neutrophils are activated by the cytokines and/or LPS, and release large amount of ROS. Therefore, the effect of exogenous hydrogen peroxide, one of the ROS, on the T.PS-induced increase in the BIÎ4 content was examined. As shown in Fig. 2 , LPS (100 ng/ml) and hydrogen peroxide . ;.io mM) increased BII4 content from approximate!) S h after their addition. interestingly, co-addition of hydrogen peroxide further stimulated the LPS-induced increase in 15114 content. The stimulatory effect ol" hydrogen peroxide on the LPS-induced increase in BLU content was observed in a concentration-dependent manner (Fig. 3) . Moreover, the LPS plus hydrogen peroxide-induced increase in BH-t content was completely blocked by the treatment with 2,4-diamino-6-hydroxypyrimidine (DATIP), an inhibitor of GTPCÎI activity (Fig. 4) .
Discussion
TPS and/or cytokines have been shown to induce NO production via an induction of iNOS in various cells including macrophages, vascular smooth muscle cells and vascular endothelial cells (1) (2) (3) (4) (5) . BTI4 synthesis is also increased along with the induction of iNOS by the treatment with LPS and/or cytokines in various types of cells (16. 17) . NO has been shown to negatively regulate the NO production from iNOS (24) . We recently reported that LPS induced iNOS expression and BH4 synthesis via an induction of CìTPC'H in mouse brain microvascular endothelial cells, and the I-PS-induced BH4 synthesis was not regulated by NO (24) . ROS have been shown to be produced during LPS treatment in various types of cells including vas-
cont.
Pyridines/Vol. 13/No. 1 Kazuhiro Shiota, et al: H2O2 Stimulates LPS-induced BH4 Synthesis cular endothelial cells (26) . However, the effect of ROS on BII4 synthesis was not clarified. Although treatment with catalase and SOD did not affect the LPS-induced increase in the BH4 level, exogenous hydrogen peroxide markedly increased the BH4 level during LPS treatment. Moreover, the hydrogen peroxide-induced increase in the BH4 content during LPS treatment was inhibited by GTPCH inhibitor. The lack of effect with catalase and SOD on the LPS-induced increase in the BH content may be due to the low membrane permeability of catalase and SOD. Moreover, under inflammatory diseases, leukocytes are activated by LPS and/or cytokines, and release large amount of ROS. Therefore, these findings strongly suggested that hydrogen peroxide stimulates BHi synthesis through the induction and/or activation of GTPCH during inflammation in mouse brain microvascular endothelial cells.
There are several possibilities for the role of the increased BH4 by hydrogen peroxide during LPS treatment. Gross and Levi (27) reported that BH4 synthesis is an absolute requirement for the induction of NO synthesis by LPS in vascular smooth muscle cells. Nakayama et al. (28) also suggested that the intracellular BH4 content was closely correlated with the induction of iNOS in vascular smooth muscle cells, and the intracellular availability of BH4 has been shown to limit the expression of active iNOS dimers (29, 30) . Therefore, it is possible that the increased BH4 by hydrogen peroxide treatment stimulates NO synthesis coupled with iNOS. As another function, BH4 has an antioxidative activity, and protects the cells against ROS-and/or NO-induced cytotoxicities (18-23). It is also possible that the increased BH4 by hydrogen peroxide functions as a protective factor against NO and/or ROS toxicities during LPS treatment. Future studies will be needed to determine the role of increased BH4 by hydrogen peroxide during LPS treatment.
